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ATPaseThe RecQ family of helicases has been shown to play an important role in maintaining genomic stability. In
humans, this family has ﬁve members and mutations in three of these helicases, BLM, WRN and RECQL4, are
associated with disease. Alterations in RECQL4 are associated with three diseases, Rothmund–Thomson
syndrome, Baller–Gerold syndrome, and RAPADILINO syndrome. One of the more common mutations found in
RECQL4 is the RAPADILINOmutation, c.1390+2delT which is a splice-site mutation leading to an in-frame skip-
ping of exon 7 resulting in 44 amino acids being deleted from the protein (p.Ala420–Ala463del). In order to char-
acterize the RAPADILINO RECQL4 mutant protein, it was expressed in bacteria and puriﬁed using an established
protocol. Strand annealing, helicase, and ATPase assays were conducted to characterize the protein's activities
relative to WT RECQL4. Here we show that strand annealing activity in the absence of ATP is unchanged from
that of WT RECQL4. However, the RAPADILINO protein variant lacks helicase and ssDNA-stimulated ATPase
activity. These observations help explain the underlying molecular etiology of the disease and our ﬁndings
provide insight into the genotype and phenotype association among RECQL4 syndromes.
Published by Elsevier B.V.1. Introduction
The RecQ helicase family of proteins is critically important for
genomemaintenance and in human cells there are ﬁve RecQ family ho-
mologues: RECQL1,WRN, BLM, RECQL4 and RECQL5 (for recent reviews
see Refs. [1,2]). Mutations in WRN or BLM genes give rise to Werner
(OMIM ID 277700) or Bloom syndromes (OMIM ID 210900), respec-
tively, whereas mutations within RECQL4 give rise to three related
but distinct diseases: RAPADILINO (OMIM ID 266280), Rothmund–
Thomson (RTS, OMIM ID 268400), and Baller–Gerold (BGS, OMIM ID
218600) syndromes. Not all reported RTS patients have identiﬁable
mutations within the RECQL4 gene, and therefore, there are two classes
of RTS patients: type I which lack RECQL4mutations and type II which
have conﬁrmed RECQL4 mutations [3]. At this time it is not clear why
mutations in the RECQL4 gene gives rise to three different clinical
syndromes.
All three RECQL4-associated diseases are rare, autosomal recessive
and characterized by growth retardation and bone malformations, es-
pecially radial ray defects (for recent reviews see Refs. [4,5]). The
RAPADILINO syndrome was ﬁrst identiﬁed in 1989, and the name is
an acronym for the features observed in patients: radial hypoplasia/
aplasia, patellar hypoplasia/aplasia, cleft or highly arched palate, diar-
rhea anddislocated joints, little size and limbmalformation, and slender
nose and normal intelligence [6]. Poikiloderma, a cutaneous rash, is oneenter, 251 Bayview Boulevard,
.V.of the distinguishing features of RTS and BGS but is lacking in
RAPADILINO. Another feature found in RTS patients but missing in
RAPADILINO patients is alopecia, which includes deﬁciencies in hair
growth including the absence of eyelashes and eyebrows.More recently
it has been recognized that RAPADILINO and type II RTS patients share
a common predisposition for osteosarcomas and lymphomas [4]. An
elevated risk for osteosarcoma is also a characteristic feature seen in
WRN syndrome patients [7]. While the three RECQL4-associated syn-
dromes share some common features, their unique spectrum of clinical
manifestations highlights the complexity of deciphering the clinical
phenotypes associated with patient RECQL4 genotypes.
The RECQL4 gene encompasses 21 exons, and exons 8–14 encode the
conserved RecQ helicase domain. The most common RECQL4mutation
in RAPADILINO patients is the c.1390+2delT (p.Ala420–Ala463del)
[4,8]. This mutation is found in the majority of reported RAPADILINO
patients, especially those of Finnish decent, and importantly, it is one
of a few homozygous RECQL4mutations. Themutation destroys a splice
acceptor site resulting in skipping of exon 7, which immediately
precedes the exons responsible for encoding the helicase domain of
RECQL4. Therefore, loss of this exon could alter the protein's function.
The region of RECQL4 encoded by exon 7 has been previously reported
to be important for nuclear import and retention, because the GFP
fusion of RECQL4 protein harboring the major RAPADILINO patient
mutation (RAPA) was overwhelmingly mislocalized to the cytoplasm
[9]. More recently, our laboratory has shown that this region of RECQL4
is also important for localization to focal laser-induced DNA damage
[10]. In the literature, the major RAPA mutation is thought to spare the
helicase domain [8]; however there is no published information about
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the RECQL4 protein.
RECQL4 is the leastwell characterized protein among themammalian
RecQ helicases, whose deﬁciencies cause human disease. RecQ helicase
proteins typically share three structural elements: the conserved helicase
domain, a RecQ helicase conserved domain (RQC) and a helicase
and RNase D C-terminal domain (HRDC). RECQL4 is unique among the
mammalian proteins because it lacks the RQC and HRDC domains. In
the other RecQ helicase proteins, these two domains have been shown
to be important for DNAbinding and formediating protein:protein inter-
actions (reviewed in Refs. [1,2]). In the original characterization of
RECQL4, it was described as lacking helicase activity [11]. However,
more recent work has demonstrated that RECQL4 in fact does possess
helicase activity, although with a very limited substrate speciﬁcity
[12–14]. It was proposed that the robust strand annealing activity of
RECQL4 was responsible for masking the helicase activity and only
upon addition of excess single stranded DNA was the activity revealed
[12]. Upon further characterization, our laboratory has shown that by
employing short forked DNA substrates RECQL4's inherent helicase
activity can be readily observed without the need for excess single
stranded DNA [14]. Thus, like other RecQ helicases, RECQL4 possesses
multiple biochemical functions including: DNA binding, DNA strand
annealing, the classic 3′ to 5′ helicase and DNA-stimulated ATPase activ-
ities [11–14].
The in vivo biochemical functions and pathways in which RECQL4
plays a role are not yet fully characterized. The protein has been shown
to localize to multiple cellular compartments such as the nucleus, nucle-
olus, cytoplasm and mitochondria [15–19]. The precise localization of
RECQL4 is cell type speciﬁc as, some cells show more cytoplasmic than
nuclear localization [15]. Acetylation by p300 may also contribute to the
differential localization patterns of RECQL4 [20]. Additionally, RECQL4
has been shown to localize to sites experiencing DNA damage including
foci found following oxidatively generated DNA damage and double
strand break DNA damage [10,16,21,22]. There is evidence that RECQL4
modulates base excision DNA repair [21] and that it plays a role in DNA
double strand break repair [10,16]. However, its role in DNA repair is
much less clear than the roles of the other human disease-causing RecQ
helicases (WRN and BLM). RECQL4 has also been found to associateFig. 1. Graphic representation WT and RAPA RECQL4. A, The intron-exon boundaries of RECQ
8–14, hatched, encode the RecQ helicase domain. B, Simply Blue stained SDS–PAGE gel of
length protein. C, Denaturation curves for 2× Sypro Orange control, dashed line, and WT R
versus temperature, which the denaturation curve is extrapolated from.with sites of DNA replication and DNA replication initiation proteins
[23–25].
Here we have characterized the biochemical properties of themajor
RAPA patient mutant protein, RAPA RECQL4. This mutation is a RECQL4
genemutation found in the homozygous state in patients. Themutation
is the result of a splice-site mutation resulting in the in-frame skipping
of exon 7. Consequently, the RAPA RECQL4 protein lacks 44 amino acids
just prior to the helicase domain. The WT and RAPA RECQL4 recombi-
nant proteins were puriﬁed from bacteria and analyzed in vitro for
strand annealing, helicase, and ssDNA-stimulated ATPase activities.
Our analysis showed that the RAPA patient mutation compromised
both the helicase and ATPase activities of the protein while sparing
the strand annealing activity. Thus, not only does the RAPA mutation
cause mislocalization of the RECQL4 protein, it also severely impairs
the protein's catalytic functions. Thorough biochemical characterization
of RECQL4 patient mutations may contribute to a better understanding
of the genotype:phenotype relationships between RECQL4 mutations
and the three RECQL4-associated syndromes RAPADILINO, RTS and
BGS. Only through such analysis are we likely to unravel how RECQL4
mutations contribute to the disease phenotypes.
2. Results
2.1. Production of RAPA RECQL4
RECQL4 is found on chromosome 8q, and its genomic organization
is comprised of 21 exons across 6.5 kb of DNA with a high number of
unusually short intervening introns [26]. The intron-exon boundaries
of WT and RAPA RECQL4 are shown in Fig. 1A. The N-terminus of the
protein shares sequence similarity to Sld2/DRC1, a yeast protein
involved in DNA replication [23]. In the middle of the protein, exons
8–14 encode the conserved helicase domain. The RAPA mutation,
c.1390+2delT, causes deletion of exon 7 from RECQL4's mRNA, but
it does not result in the introduction of a premature termination
codon; thus the protein coded by this mRNA variant lacks 44 amino
acids just upstream from the conserved helicase domain.
The WT and RAPA RECQL4 proteins were expressed and puriﬁed
from bacteria as previously described [11]. Deletion of exon 7 causedL4 gene. Exon 7 is deleted by the RAPA patient mutation, black ﬁlled rectangles. Exons
bacterially expressed and puriﬁed WT and RAPA RECQL4 proteins, 500 ng of each full
ECQL4 plus 2× Sypro Orange, solid line. Insert shows original raw ﬂuorescence values
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RECQL4 eluted slightly later on the SP sepharose column than WT
RECQL4 (data not shown). This unfortunately resulted in RAPA
RECQL4 co-eluting with a major GST-RECQL4 fragment. Thus, only
those fractions of RAPA RECQL4 which eluted before the major
GST-RECQL4 fragment were pooled and applied to the glutathione
resin. Consequently, the overall yield for RAPA RECQL4 was not as
high as WT RECQL4, but the ﬁnal protein concentrations were similar
(1 and 2–3 μM for RAPA and WT RECQL4, respectively). A Simply Blue
stained gel containing the RECQL4 proteins (500 ng of each full length
protein) is shown Fig. 1B. As can be seen, WT RECQL4 shows slightly
more impurities than RAPA RECQL4. As expected the RAPA RECQL4
protein has a slightly lower molecular weight than WT RECQL4.
2.2. Protein structural stability
WT and RAPA RECQL4 proteins were subjected to differential
scanning ﬂuorimetry to determine their structural stability [27,28].
The assay takes advantage of the elevated ﬂuorescence emissions of
Sypro Orange dye, as it interacts with hydrophobic sites on denatured
proteins. In these assays, 1–2 μg of protein was assayed with various
concentrations of Sypro Orange (0.5–2×). Denaturation curves for WT
could be readily obtained whereas the RAPA protein did not respond
in this assay (see Fig. 1C). Under these reaction conditions, the Tm for
WT RECQL4 was 39.5±0.05 °C. Thus, the 44-amino acid deletion
within RAPA RECQL4 does apparently alter the structure of the protein.
2.3. Stand annealing activity is comparable between the WT and RAPA
RECQL4 proteins
WT RECQL4 is known to possess robust strand annealing activity
[11,12]; therefore we compared the relative strand annealing activi-
ties of WT and RAPA RECQL4 proteins in Fig. 2. For the strand
annealing assay, a 37-mer single stranded DNA substrate was
employed. The product of the strand annealing reaction is a forked
DNA molecule which is composed of a 22 bp duplex region and twoFig. 2. RAPA RECQL4 possesses wild type levels of strand annealing. The strand annealing acti
B1 (1 nM), as described in Materials and methods. A, a representative phosphor image of th
RECQL4 (lanes 6–9) in the absence of ATP. The position of the single stranded and forked
strand annealing in the absence of ATP. C, a representative phosphor image of a gel showin
(lanes 15–18) in the presence of ATP. D, graph of the quantiﬁcation of three independent ex
are reported in B and D.15-mer polydT splayed arms. The proteins were tested for their
ability to anneal the radiolabeled T1 substrate to its corresponding
partially complementary oligonucleotide, B1. Fig. 2A and B show the
results of the strand annealing when the assay is done in the absence
of ATP. The RAPA RECQL4 protein showed wild type levels of strand
annealing activity. Approximately 3 nM of RECQL4 was necessary to
anneal 50% of the 0.5 nM substrate for both proteins. Given the robust
strand annealing activity observed from the RAPA RECQL4 variant, it
is unlikely that the protein is grossly misfolded.
It has been shown that ATP inhibits the strand annealing activity
of RECQL4 and of the other RecQ helicases [12,29–32]. Therefore, we
wanted to assess if the proteins behaved similarly in the presence
and absence of ATP. The strand annealing activity of both proteins
was tested in the presence of 5 mM ATP (Fig. 2C and D). As can be
seen, at high protein concentrations, both proteins' strand annealing
activity was inhibited by the presence of ATP (compare panels B
and D, at 5 and 10 nM). Interestingly, the WT RECQL4 activity
plateaued between 5 and 10 nM protein whereas RAPA RECQL4's
strand annealing activity continued to rise between 5 and 10 nM
protein, compare 2C lanes 8–9 with 17–18. Since we used a splayed
arm DNA substrate, it is possible that the helicase activity from WT
RECQL4 started to compete for the substrate. As expected, when a
full duplex oligonucleotide was incubated with WT RECQL4, WT
RECQL4 no longer showed this inhibition of strand annealing (data
not shown). These results suggest that the RAPA mutant protein
may have a helicase deﬁciency.2.4. RAPA RECQL4 lacks helicase activity
We elected to test the helicase activity of WT and RAPA RECQL4 on
the short fork substrate (B1/T1, B1 labeled) reported previously by
Rossi et al. since this substrate allowed us to assess helicase activity in
the absence of excess ssDNA [14]. Fig. 3 shows the results of the helicase
assay. WT RECQL4 protein showed a protein concentration-dependent
increase in activity and was able to unwind 36% of the substrate at the
highest protein concentration used (Fig. 3, lanes 5–6). In contrast, thevities of the RECQL4 proteins were determined using radiolabeled T1 (0.5 nM) and cold
e gel showing the relative single strand annealing activity of WT (lanes 2–5) and RAPA
dsDNAs is shown. B, graph of the quantiﬁcation of three independent experiments of
g the relative single strand annealing activity of WT (lanes 11–14) and RAPA RECQL4
periments of strand annealing in the presence of ATP. The mean and standard deviation
Fig. 3. RAPA RECQL4 lacks helicase activity. The helicase activity of WT and RAPA
RECQL4 was determined using the forked duplex B1/T1 (0.5 nM) as described in
Materials andmethods. A, a representative phosphor image of a gel displaying the helicase
activity ofWT (lanes 2–6) andRAPARECQL4 (lanes 7–11) is shown. TheΔ symbol denotes
the heat denatured DNA substrate. The position of the single stranded and forked dsDNAs
is denoted by the images on the left side of the gel. B, a graph of the quantiﬁcation of three
independent helicase gels. The mean and standard deviation are reported.
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even though the RAPA mutation is positioned outside of the conserved
helicase domain, the protein lacks helicase activity.Fig. 4. Strand separating activity in the presence of excess single stranded DNA. The strand
duplex B1/T1 (0.5 nM) in the presence of 12.5 nM cold B1 as described in Materials and me
tivity of WT (lanes 2–3 and 9–10), RAPA RECQL4 (lanes 4–5 and 11–12), and K508M RECQL
heat denatured DNA substrate. The position of the single stranded and forked dsDNAs are d
three independent gels each in the absence and presence of ATP, respectively. The mean an2.5. Strand separating activity in the presence of excess ssDNA
It has been reported that the presence of excess single stranded DNA
can suppress the robust ssDNA annealing activity of RECQL4, and there-
fore aid in the visualization of the helicase products [12,14]. Additional-
ly, helicase deadmutants of RECQL4, K508R orD605A, have been shown
to possess strand separating activity when ssDNA is present, and thus
RECQL4 was proposed to have two DNA unwinding domains [12].
The domain responsible for this second strand separating activity was
mapped to the N-terminus of the protein [12]. We have shown that in
the absence of ssDNA, the K508M RECQL4 mutant displays no ATPase
activity and no helicase activity, but is competent to anneal single
stranded DNA as efﬁciently as WT RECQL4 [14]. Therefore, RAPA
RECQL4's strand separating activities, in the presence and absence of
ATP, were compared to both WT and K508M RECQL4 proteins. The
same duplex as in Fig. 3 was used and the reactions were done in the
presence of 25-fold excess of cold B1. The left side of Fig. 4(A, lanes
2–7) shows that all the proteins possess DNA strand separating activi-
ties in the absence of ATP and with excess ssDNA present. Curiously,
the WT protein shows the least amount of unwinding activity, and the
helicase dead protein displays a level of activity between RAPA and
WT RECQL4 (Fig. 4B).
With ATP present,WT and RAPARECQL4 showed a similar level of ac-
tivity at 20 nMwhereas RAPA RECQL4 had slightly less activity at 50 nM
protein (Fig. 4A, lanes 9 and 10 compared to lanes 11 and 12, and C). The
helicase dead K508Mmutant showed reduced strand separating activity,
but was clearly active in the assay despite the inactivating mutation
within the helicase domain (Fig. 4C). The results with our K508Mmutant
are consistent with those reported for the K508R and D605A mutants
discussed above. Thus, the addition of excess single stranded DNA
appears to have restored the apparent unwinding activity of RAPA
RECQL4. As will be discussed below, this apparent strand separating ac-
tivity could have been derived from the N-terminal domain of RECQL4
since this region is unchanged in RAPA RECQL4.separating activity of WT and RAPA RECQL4 was determined using the labeled forked
thods. A, a representative phosphor image of a gel displaying the strand separating ac-
4 (lanes 6–7 and 13–14) in the absence and presence of ATP is shown. Lane 15 contains
enoted by the images on the left side of the gel. B and C, graph of the quantiﬁcation of
d standard deviation are reported.
Table 1
Oligonucleotide sequences.
T1 GTAGTGCATGTACACCACACTCTTTTTTTTTTTTTTT
B1 TTTTTTTTTTTTTTTGAGTGTGGTGTACATGCACTAC
61 mer GGGTGAACCTGCAGGTGGGCAAAGATGTCCTAGC
AAGGCACTGGTAGAATTCGGCAGCGTC
1731D.L. Croteau et al. / Biochimica et Biophysica Acta 1822 (2012) 1727–17342.6. Loss of ssDNA-stimulated ATPase activity from RAPA RECQL4
RecQ helicases traditionally display ssDNA-dependent ATPase activi-
ty. Macris et al. previously reported that the minimum length of DNA
required for ATPase activation of RECQL4was 60 nucleotides [11]. There-
fore, we measured both WT and RAPA RECQL4 ATPase activity in the
absence or presence of 61-mer ssDNA (Table 1). This oligonucleotide sub-
strate was previously used by Rossi et al. to demonstrate that the K508M
mutation in the conserved ATP binding pocket of RECQL4, the Walker A
motif, abolished the ATPase activity of the RECQL4 [14]. In the absence
of ssDNA, neither WT nor RAPA RECQL4 displayed ATPase activity, as to
be expected, since RECQL4 is a DNA-stimulated ATPase (data not
shown). In the presence of ssDNA,WTRECQL4 displayed a linear increase
in ATPase activity proportional to the increase in protein concentration
(Fig. 5A, lanes 2–4 and B). In contrast, the RAPA RECQL4 showed little
or no ATPase activity above spontaneous ATP hydrolysis.
3. Discussion
There has been a great deal of increased interest in RECQL4 due to the
recent discovery that RECQL4 has helicase activity and because this
protein is associated with three human diseases. Helicases are a family
of proteins that are essential in most aspects of DNAmetabolism, includ-
ing DNA packaging, DNA replication, transcription and DNA repair.
RECQL4 is one of ﬁve human RecQ helicases, whose exact role in the
various DNA metabolic processes has yet to be determined. However,Fig. 5. RAPA RECQL4 lacks ATPase activity. A, a representative phosphor image of a TLC
plate showing the relative ATPase activity of WT and RAPA RECQL4. For this assay a
61-mer ssDNA (8 pmol) was incubated with either WT or RAPA RECQL4 and 1 μCi
[γ-32P] ATP (PerkinElmer Life Sciences) in helicase assay buffer with 50 μM cold ATP
for 1 h at 37 °C. The protein concentrations tested were 10, 50 and 100 nM. B, graphic
representation of the quantiﬁcation of three independent ATPase experiments is
shown. The mean and standard deviation are reported.recent work supports a role for RECQL4 in DNA replication and multiple
DNA repair pathways (reviewed in Ref. [33]). Mutations within RECQL4
give rise to three separate but distinct syndromes RTS, BGS and
RAPADILINO syndrome. A common RECQL4 mutation, c.1390+2delT, is
prevalent in RAPADILINO syndrome and some patients are homozygous
for thismutation [8]. Themutation destroys a splice acceptor site, causing
elimination of exon7 from themRNA. The resulting protein variant, RAPA
RECQL4, is lacking 44 amino acids just upstream from the conserved
helicase domain.
In this study, we sought to compare the biochemical properties of
WT and RAPA RECQL4. Our analysis of the RAPA RECQL4 protein indi-
cates that it has a structural change, which prevents it from function-
ing as a helicase or ATPase (Figs. 3 and 5). Interestingly, the strand
annealing activity of the protein is left intact, with activity levels com-
parable to that of WT RECQL4 (Fig. 2).
As discussed above, we have shown that on a short forked duplex
substrate the RAPA RECQL4 cannot perform unwinding activity
(Fig. 3). However, upon addition of excess ssDNA the protein appears
to have strand separating activity (Fig. 4). Additionally, we have
shown that the RAPA RECQL4 lacks ATPase activity (Fig. 5). Taken
together the results support the conclusion that RAPA RECQL4 lacks
helicase activity and that another domain is responsible for the
apparent strand separating activity in the presence of excess ssDNA.
To reconcile the strand separating assay results in the absence and
presence of excess ssDNA, we propose that the N-terminal fragment
1–492 of RECQL4 is likely responsible for the observed activity
when excess ssDNA is present. This domain has been previously char-
acterized as a second DNA unwinding domain within RECQL4 [12]. Xu
and Liu demonstrated that this fragment bound ATP, interacted with
both ssDNA and duplex DNA and that it was able to function in the
DNA unwinding assay when excess ssDNA was present [12]. Addition-
ally, Xu and Liu reported that RECQL4 proteins harboring mutations in
either of the conserved helicase Walker A (K508R) or DEAH (D605A)
motifs still showed ATP-dependent strand separating activity in
the presence of excess ssDNA [12]. Like these RECQL4 mutants, RAPA
RECQL4 does not hydrolyze ATP, but shows apparent strand separating
activity when excess ssDNA is present. However, this activity cannot be
considered a true helicase because ATP hydrolysis does not occur.
Therefore, we suggest it is RECQL4's ATP-independent strand annealing
or exchange activity that is responsible for the apparent unwinding
activity in the presence of excess ssDNA. As shown in Fig. 6, without
excess ssDNA, the domain responsible for the strand destabilization is
inactive. Whereas when excess ssDNA is present, the strand annealing
activity works and would collaborate with the helicase domain since
both give rise to the same endpoint, liberated ssDNA. In contrast,
for both the K508M and RAPA proteins, without ssDNA, the proteins
appear to be devoid of activity because neither the helicase nor strand
destabilization domain is functional. The collective conclusion is that
ATP-dependent helicase activity of RECQL4 stems from its conserved
helicase domain. Secondarily, there is another unwinding activity
from N-terminal domain that is distinctly ATP-independent and excessFig. 6. Comparison of RECQL4 activities in absence or presence of ssDNA. An image of
RECQL4 protein is shown. The N-terminal and helicase domains are depicted as being
responsible for the strand destabilization or helicase activity, respectively. The chart
below image shows which activities are functional in the RECQL4 proteins, WT,
K508M and RAPA, minus or plus ssDNA.
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initiates destabilization of the substrate when no excess ssDNA is pres-
ent, leading to incomplete unwinding and subsequent re-annealing of
the substrate. As long as the oligos re-anneal the proteinswould appear
to have no apparent helicase activity. In contrast, when the substrate is
destabilized in the presence of excess ssDNA, this allows for hybridiza-
tion of the cold strand and then strand switching can occur. All of which
occurs in an ATP-independent manner. This is why the RAPA RECQL4
and the helicase dead RECQL4 proteins appear to have helicase activity
in the presence of excess ssDNA (Fig. 4).
Strand annealing is common among all human RecQ helicases, and
it has been suggested that it is intrinsic to the RecQ helicase domain,
because it is inhibited by ATP and non-hydrolysable ATP analogues
([2] and references sited therein). However, there is accumulating
evidence that several of the RecQ helicases have domains outside of
the helicase region that are capable of performing strand annealing.
As discussed above, the N-terminal fragment of RECQL4 (amino acids
1–492) displays strand annealing activity [12]. A 79 amino acid region
between the RQC and HRDC domains in WRN was reported to have
strand annealing activity as well [32]. In a recent publication, the
N-terminal domain of BLM was shown to possess strand annealing
and strand exchange activity [34]. Additionally, the unique C-terminal
domain of RECQL5 has been reported to have strand annealing activity
[29]. Thus, four out of the ﬁve human RecQ proteins possess strand
annealing domains outside of their respective helicase domains. Given
that human RecQ helicases only share sequence similarity within the
conserved helicase domain, it is somewhat surprising to ﬁnd that the
proteins share a functional attribute, such as strand annealing, without
any apparent sequence similarity. Nonetheless, more work is required
to determine the exact biological roles that strand annealing plays
in vivo.
Altogether, patients that are homozygous for the common
RAPADILINO mutation will suffer from the mislocalization of RECQL4
to the cytoplasm [9], from a failure of RAPA RECQL4 to respond to
DNA damage [10], and from RAPA RECQL4's lack of helicase and ATPase
activity (this paper). Type II RTS and RAPADILINO patients share short
stature, radial ray defects, feeding, vomiting diarrhea and a predisposi-
tion for cancer, especially osteosarcoma [4,5]. Almost half of all the
patients with RAPADILINO syndrome have developed cancer, either
osteosarcomas or lymphomas [4]. Given our ﬁnding that the RAPA
RECQL4 lacks helicase and ATPase activity, this lends support to the
proposal that lack of helicase activity contributes to the cancer predis-
position seen in both RTS and RAPADILINO patients.
Our ﬁnding may also have implications for the overlapping
and discordant phenotypes observed between RTS and RAPADILINO
patients. Poikiloderma and alopecia are symptoms found in RTS patients
but lacking in RAPADILINO patients [4,5]. This is intriguing and thus
further analysis of other patient mutations derived from both RTS and
RAPADILINO patients may help elucidate the biochemical differences in
RECQL4 proteins that give rise to the disorders.
4. Materials and methods
4.1. Cloning of the RAPADILINO mutation into bacterial and mammalian
expression vectors
The major RAPA mutation was constructed by deleting 132 bp,
encoded by exon 7, from the RECQL4 gene. A vector containing the
human RECQL4 gene lacking exon 7 (pLP-exon7 del-eGFP RECQL4)
was obtained from Dr. Sharon Plon (Baylor, TX) and was previously
described in Burks et al. [9]. A bacterial expression construct for the
human RECQL4 gene, pGEX6p1-WT RECQL4, with an N-terminal
glutathione S-transferase and C-terminal 9‐histidine tag was obtained
from Patrick Sung (Yale, CT). Both vectors, pLP-exon7 del-eGFP
RECQL4 and pGEX6p1-RECQL4-His, were digested with HindIII and
KpnI. The HindIII-KpnI fragment containing the RAPA deletion wascut from pLP-exon7 del-eGFP-RECQL4 vector, gel puriﬁed then ligated
into the pGEX6p1-WT RECQL4-His bacterial expression vector,
thereby creating the bacterial expression vector pGEX6p1-RAPA
RECQL4-His.4.2. Protein expression and puriﬁcation
WT, K508M and RAPA RECQL4 were expressed and puriﬁed from
Escherichia coli Rosetta2 (DE3) (Novagen, Gibbstown, NJ) as described
previously [14]. The purity and concentrations of the proteins were
determined by Simply Blue staining of polyacrylamide gels. The RECQL4
proteins were aliquoted, and stored at−80 °C until use.4.3. Protein structural stability assay
Protein stabilities were determined using differential scanning
ﬂuorimetry with Sypro Orange (Sigma Aldrich, St. Louis, MO) and a
real-time PCR machine, iCycler (Bio-Rad, Hercules, CA). Sypro Orange
is a dye that binds hydrophobic sites on proteins, and thus its ﬂuores-
cence emission intensity increases upon protein denaturation [27,28].
The advantage of this assay is that small volumes and low protein
concentrations can be utilized. Here, 1–2 μg of WT or RAPA protein
was incubated with 2× Sypro Orange in a 20 μl reaction volume in
250 mM KCl, 10 mM KH2PO4, pH 7.5, 5% glycerol, 0.5 mM EDTA,
0.01% Igepal, then subjected to thermal denaturation. The tempera-
ture increased 0.5 °C every 15 s from 20 to 70 °C and ﬂuorescence
emission was monitored using the iCycler melting curve software.
Midpoints of unfolding transition (Tm) were determined from the
thermal unfolding curves. Brieﬂy, the background subtracted ﬂuores-
cence values were converted into fraction denatured as a function of
temperature and normalized by the van't Hoffs analysis [35]. The
reported Tm is an average of two measurements from two indepen-
dent puriﬁcations.4.4. Oligonucleotide substrates
Oligonucleotides were synthesized by Integrated DNA Technologies
(Coralville, IA), and sequences are listed in Table 1. Substrates were
radiolabeled at the 5′ end with [γ-32P] ATP (Perkin Elmer Life Sciences,
Waltham, MA) and T4 polynucleotide kinase (New England Biolabs,
Ipswich, MA). MicroSpin G-25 columns (GE Healthcare, Piscataway,
NJ) were used to remove unincorporated [γ-32P] ATP. For those sub-
strates that required duplex formation, the partially complementary
oligonucleotide was annealed in 10 mM Tris–HCl pH 8.0, 1 mM EDTA
and 50 mMNaCl at a molar ratio 1:2 of labeled to unlabeled oligonucle-
otide. To promote duplex formation the oligonucleotides were heated
to 95 °C for 10 minutes then allowed to slow cool to room temperature.4.5. Strand annealing
The indicated amounts of each RECQL4 protein were incubatedwith
single stranded radiolabeled T1 substrate (0.5 nM) and unlabeled
complementary oligonucleotide B1 (1 nM) substrate for 20 minutes
at 37 °C in a reaction volume of 10 μl containing 30 mM Tris pH 7.4,
50 mM KCl, 5 mM MgCl2, 1 mM DTT, 100 μg/ml BSA, 10% glycerol,
and where indicated 5 mM ATP. Reactions were stopped by addition
of 10 μl of 3× native stop dye (50 mM EDTA, 40% glycerol, 0.9% SDS,
0.05% bromophenol blue, and 0.05% xylene cyanol). The percent of
annealed complementary oligonucleotide substrate generated by the
RECQL4 proteins was plotted against protein concentration. The exper-
iments were done at least three times and the average and standard
deviation are shown.
1733D.L. Croteau et al. / Biochimica et Biophysica Acta 1822 (2012) 1727–17344.6. Helicase assays
The indicated amounts of each RECQL4 protein were incubated
with forked duplex substrate, T1/B1 (0.5 nM, Table 1) for 20 minutes
at 37 °C in a reaction volume of 10 μl containing 30 mM Tris pH 7.4,
50 mM KCl, 5 mM MgCl2, 1 mM DTT, 100 μg/ml BSA, 10% glycerol,
and 5 mM ATP. Helicase reactions were stopped by addition of 10 μl
of 3× native stop dye. For those reactions that required excess single
stranded DNA, cold T1, 12.5 nM, was added, and all other reaction
conditions remained the same. The reaction products were separated
by electrophoresis on 10% native polyacrylamide gel, exposed to a
PhosphorImager screen (GE Healthcare, Piscataway, NJ), then imaged
with a Typhoon scanner (GE Healthcare, Piscataway, NJ). ImageQuant
version 5.2 (GE Healthcare, Piscataway, NJ) was employed to analyze
the images. The percent of the single stranded substrate that was
liberated by the RECQL4 proteins was plotted against protein concen-
trations. The experiments were done four times, and the average and
standard deviation for the four experiments are shown.4.7. ssDNA-stimulated ATPase assay
Brieﬂy, the RECQL4 proteins were incubated with 8 pmol of a 61
nucleotide ssDNA oligonucleotide (61-mer, Table 1) and 1 μCi [γ-32P]
ATP (PerkinElmer Life Sciences, Waltham, MA) in 10 μl helicase assay
buffer with 50 μM cold ATP for 1 h at 37 °C. Reactions were stopped
by addition of 5 μl of 0.5 M EDTA and placed on ice. Two microliters
from each reaction were spotted onto a cellulose polyethyleneimine
thin-layer chromatography sheet (TLC sheets, JT-Baker, Phillipsburg,
NJ), and resolved using a solution of 0.8 M LiCl and 1 M formic acid.
The chromatography sheet was exposed to a PhosphorImager screen
(GE Healthcare, Piscataway, NJ), and the percent of ATP hydrolyzed was
reported. The reactionswere done in triplicate, and the average and stan-
dard deviation are shown.Abbreviations
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